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(57) ABSTRACT

A digital signal processor includes a control block configured
to 1ssue 1structions based on a stored program, and a com-
pute array including two or more compute engines configured
such that each of the 1ssued 1nstructions executes 1n succes-
stve compute engines of at least a subset of the compute

engines at successive times. The digital signal processor may
be utilized with a control processor or as a stand-alone pro-
cessor. The compute array may be configured such that each
of the 1ssued 1nstructions flows through successive compute
engines ol at least a subset of the compute engines at succes-
s1ve times.
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PROCESSOR ARCHITECTURES FOR
ENHANCED COMPUTATIONAL CAPABILITY

FIELD OF THE INVENTION

This invention relates to processor architectures and, more
particularly, to digital signal processor architectures that
facilitate high performance digital signal processing compu-
tations. The disclosed digital signal processors may be uti-
lized with other processors or as stand-alone processors.

BACKGROUND OF THE INVENTION

A digital signal processor (DSP) 1s a special purpose com-
puter that 1s designed to optimize performance for digital
signal processing applications, such as, for example, fast
Fourier transforms, digital filters, image processing, signal
processing in wireless systems and speech recognition. Digi-
tal signal processor applications are typically characterized
by real time operation, high interrupt rates and intensive
numeric computations. In addition, digital signal processor
applications tend to be intensive in memory access operations
and to require the input and output of large quantities of data.
Digital signal processor architectures are typically optimized
for performing such computations eificiently.

The core processor of a digital signal processor typically
includes a computation block, a program sequencer, an
instruction decoder and all other elements required for per-
forming digital signal computations. The computation block
1s the basic computation element of the digital signal proces-
sor and typically includes one or more computation units,
such as a multiplier and an arithmetic logic unit (ALU), and a
register file.

Digital signal computations are frequently repetitive in
nature. That 1s, the same or similar computations may be
performed multiple times with different data. Thus, any
increase in the speed of imndividual computations 1s likely to
provide significant enhancements 1n the performance of the
digital signal processor.

Some applications, such as base stations 1n wireless sys-
tems, have performance and timing requirements that exceed
the capabilities of current digital signal processors. To meet
these requirements, designers have used digital signal proces-
sors 1n combination with ASICs (application specific inte-
grated circuits) and/or FPGAs (field programmable gate
arrays). Such systems lack flexibility and are relatively
expensive. Further, the required performance increases as
next generation wireless systems are introduced. High power
dissipation 1s usually a problem 1n high performance proces-
SOIS.

Digital signal processor designs may be optimized with
respect to different operating parameters, such as computa-
tion speed, power consumption and ease of programming,
depending on intended applications. Furthermore, digital sig-
nal processors may be designed for different word sizes. A
32-bit architecture that utilizes a long 1nstruction word and

wide data buses and which achieves high operating speed 1s
disclosed 1n U.S. Pat. No. 5,954,811, 1ssued Sep. 21, 1999 to
Garde. The core processor includes dual computation blocks.
Notwithstanding very high performance, the disclosed pro-
cessor does not provide an optimum solution for all applica-
tions.

Accordingly, there 1s a need for further mmnovations in
digital signal processor architecture and performance.

SUMMARY OF THE INVENTION

According to a first aspect of the invention, a digital signal
processor comprises a control block configured to 1ssue
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2

instructions based on a stored program, and a compute array
including two or more compute engines configured such that
cach of the 1ssued 1nstructions executes 1n successive com-
pute engines of at least a subset of the compute engines at
successive times. The compute array may be configured such
that each of the 1ssued instructions flows through successive

compute engines ol at least a subset of the compute engines at
successive times.

Each of the compute engines may comprise an mstruction
pipe configured to control flow of mnstructions through the
compute array and at least one flow unit configured to per-
form flow operations on data associated with the instructions.
Each of the compute engines may further comprise one or
more compute units for performing digital signal computa-
tions and a register file for holding operands for the digital
signal computations.

The compute array includes at least one memory. In some
embodiments, each of the compute engines includes first and
second memories. In other embodiments, the compute array
includes a first memory and a second memory configured for
operation with each of the compute engines. The compute
engines 1n the compute array may be configured to perform
column-by-column operations, row-by-column operations
and row-by-row operations on contents of the memory.

In some applications, the flow unit may be configured to
load data from memory and to shift data to one or more
selected registers 1n successive compute engines. In other
applications, the flow unit may be configured to load data
from memory and to broadcast the data to one or more
selected registers 1n each of the compute engines. In further
applications, the tlow unit may be configured to accumulate
data from one or more selected registers 1n successive coms-
pute engines and to store a result. In some embodiments,
registers 1n the tlow units interact with registers in the register
file.

In some applications, the compute engines may be formed
into groups. In other applications, data may be recirculated
through the compute array.

According to a second aspect of the invention, a method for
digital signal processing comprises providing a digital signal
processor comprising a control block and a compute array
including two or more compute engines, 1ssuing instructions
in the control block based on a stored program, and executing
cach of the 1ssued instructions 1n successive compute engines
of atleast a subset of the compute engines at successive times.

According to a third aspect of the invention, a digital signal
processor comprises a control processor, a processor com-
prising a control block configured to 1ssue 1nstructions based
on a stored program, and a compute array including two or
more compute engines configured such that each of the 1ssued
instructions executes 1 successive compute engines of at
least a subset of the compute engines at successive times, and
a main memory that can be accessed by the control processor
and by the processor. The compute array may be configured
such that each of the 1ssued nstructions tlows through suc-
cessive compute engines of at least a subset of the compute
engines at successive times.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the present invention, refer-
ence 1s made to the accompanying drawings, which are incor-
porated herein by reference and 1n which:

FIG. 1 1s a schematic block diagram of a digital signal
processor 1 accordance with an embodiment of the mnven-
tion;
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FIG. 2 1s a schematic block diagram of an embodiment of
the processor shown in FIG. 1;

FI1G. 3 15 a schematic block diagram of an embodiment of
one of the compute engines shown 1n FIG. 2;

FI1G. 4 1s a schematic block diagram of a second embodi-
ment of the compute array shown 1n FIG. 2;

FIG. 5 1s a schematic block diagram that illustrates a
memory address space for flow operations 1n accordance with
an embodiment of the invention;

FIG. 6 1s a schematic block diagram that illustrates a
memory address space for SIMD operations in accordance
with an embodiment of the invention;

FIG. 6A 1s a schematic block diagram that illustrates a
memory address space for SIMD operations 1n accordance
with another embodiment of the invention;

FIG. 7 1s a schematic block diagram of the flow unit in
accordance with an embodiment of the invention;

FIG. 8A 1s a schematic block diagram of the flow umt
executing a flow load nstruction;

FIG. 8B 1s a schematic block diagram that illustrates
execution of the flow load instruction;

FIG. 9A 1s a schematic block diagram of the flow unit
executing a tlow store instruction;

FI1G. 9B 1s a schematic block diagram that illustrates opera-
tion of the flow store 1nstruction;

FI1G. 10 1s a schematic block diagram of the compute array,
showing datapath buses in accordance with an embodiment of
the 1nvention;

FIG. 11 1s a schematic block diagram that illustrates sym-
metric filter computations 1n accordance with an embodiment
of the invention;

FI1G. 12 1s a schematic block diagram of a compute engine
in accordance with an embodiment of the invention;

FI1G. 13 1s a schematic block diagram that illustrates group-
ing of compute engines;

FIG. 14 1s a schematic block diagram of an embodiment of
the control block shown 1n FIG. 2;

FIG. 15 1s a schematic block diagram that illustrates DMA
interleaving 1n accordance with an embodiment of the mven-
tion;

FIG. 16 1s a schematic diagram that 1llustrates column-by-
column processing using a processor in accordance with an
embodiment of the invention;

FIG. 17 1s a schematic diagram that 1llustrates row-by-
column processing using a processor in accordance with an
embodiment of the invention;

FI1G. 18 1s a schematic diagram that 1llustrates row-by-row
processing using a processor i accordance with an embodi-
ment of the invention:

FIG. 19 1s a schematic diagram that illustrates row-by-row
processing with shift using a processor in accordance with an
embodiment of the invention; and

FIG. 20 1s a schematic diagram that illustrates row-by-row
processing with shift and broadcast using a processor in
accordance with an embodiment of the invention.

DETAILED DESCRIPTION

A schematic block diagram of a digital signal processor 1n
accordance with an embodiment of the invention 1s shown 1n
FIG. 1. A digital signal processor (DSP) 10 includes a control
processor 12, a memory 14, I/O ports 16 and a processor 20.
The control processor 12 interacts with processor 20 and
accesses memory 14. A DMAI1 bus 22 carries data between
memory 14 and processor 20. A DMA2 bus 24 carries data
between memory 14, processor 20 and I/0 ports 16. I/O ports
16 may communicate directly with processor 20 through a
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4

FIFO or an I/O butfer. I/O ports 16 provide an interface to
external memory, external devices and/or an external proces-
sor, such as a host computer.

By way of example, control processor 12 may have an
architecture of the type disclosed 1n U.S. Pat. No. 5,896,543,

1ssued Apr. 20, 1999 to Garde and sold by Analog Devices,

Inc. as the TigerSharc digital signal processor. The memory
14 may include three independent, large capacity memory
banks. In a preferred embodiment, each of the memory banks
has a capacity of 64K words of 32-bits each. Each of the
memory banks may have a 128-bit data bus, so that up to four
consecutive aligned data words of 32-bits each can be trans-
ferred to or from each memory bank 1n a single clock cycle.

A schematic block diagram of a first embodiment of pro-
cessor 20 1s shown 1n FIG. 2. Processor 20 may include a
control block 30 and a compute array 32. Control block 30
may include control logic 34, a DMA controller 36, integer
AL Us 38 and 40, a program sequencer 42, a program memory
44 and a data memory 46. Control block 30 1ssues instructions
and data addresses to compute array 32 based on a stored
program.

Compute array 32 includes two or more compute engines.
In the embodiment of FI1G. 2, compute array 32 includes eight
compute engines 50, 31, 52, . . ., 57. Each compute engine
may be referred to as a “section” of the compute array. The
compute engines are connected serially such that instructions
1ssued by control block 30 and corresponding data advance,
or “tlow”, through the compute engines 50,351,52,...,57 and
are executed in each of the compute engines at successive
times. In applications where grouping of compute engines 1s
utilized, as discussed below, instructions issued by control
block 30 and corresponding data flow through a subset, or
group, o the compute engines and are executed at successive
times. In one embodiment, instructions advance through suc-
cessive compute engines on successive clock cycles. By way
of example, an instruction 1ssued by control block 30 may
advance to compute engine 50 on clock cycle 1, to compute
engine 31 on clock cycle 2 and to compute engine 57 on clock
cycle 8. However, the invention 1s not limited 1n this respect,
and each instruction may advance from one compute engine
to the next compute engine aiter any number of clock cycles.
Furthermore, 1nstructions do not necessarily enter compute
array 32 at the first compute engine, but can enter at any of the
compute engines. This, feature 1s useful, for example, 1n
applications which utilize grouping of compute engines.
Each of the compute engines may be individually pipelined
and thus may require several clock cycles to complete execu-
tion of an instruction. In addition, data flows to successive
compute engines at successive times as described 1n detail
below.

In the embodiment of FIG. 2, instructions tlow through all
or a subset of the compute engines on successive clock cycles.
In other embodiments, istructions 1ssued by control block 30
can be broadcast to all of the compute engines or a subset of
the compute engines. In this embodiment, the broadcast
instructions are delayed according to the position of the com-
pute engine in the compute array such that each broadcast
instruction executes in successive compute engines at succes-
stve times. For example, a broadcast instruction may have no
delay in compute engine 50, a one clock cycle delay in com-
pute engine 51, a two cycle delay 1n compute engine 32, efc.
In each case, each 1ssued 1nstruction executes 1n successive
compute engines at successive times. In cases where group-
ing of compute engines 1s utilized, each instruction executes
in successive compute engines of the group at successive
times.
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A schematic block diagram of an embodiment of a single
compute engine 1s shown i FIG. 3. Each compute engine
includes an instruction pipe 70 for controlling instruction
flow through the array of compute engines and a flow unit 72
for controlling data flow 1n the array of compute engines. 5
Instruction pipes 70 1n successive compute engines are
coupled together by an instruction bus 120. Flow units 72 1n
successive compute engines are coupled together by a tlow
bus 102. In general, each compute engine can be configured
with one or more flow units and one or more flow buses. 10
Instruction pipe 70 holds istructions and provides control
signals to the compute engine for execution of the instruc-
tions. The mstruction pipe 70 in each compute engine may be
one or more clock cycles 1n length. In one embodiment,
instruction pipe 70 1n each compute engine 1s one clock cycle 15
in length.

Each compute engine further includes a compute block 74,

a register file 76 and a DMA buftlfer 82. In the embodiment of
FIG. 2, each compute engine includes an X-memory 78 and a
Y-memory 80. The memory associated with each of the com- 20
pute engines may be implemented as an SRAM. As discussed
below, the memory may be implemented 1n different ways. In
another embodiment, each compute engine may include a
single memory. Compute block 74 may include one or more
compute units. Compute block 74 may include a multiplier 25
90, an arithmetic logic unit (ALU) 92, and a MAC (multiplier
accumulator) adder 96 (FIG. 12), for example. Compute
block 74 interacts with register file 76 to perform digital
signal computations in response to an instruction 1n mnstruc-
tion pipe 70. Register file 76 interacts with memories 78 and 30
80 and with flow unit 72 to obtain specified data for the digital
signal computations and to provide results to specified desti-
nations. The data locations and the result destinations are
specified by instructions. Data 1s transierred to and from
memories 78 and 80 through DM A butier 82 and DMA buses 35
22 and 24. In some embodiments, compute block 74 may
include a configurable gate array (CGA) 98.

A flow memory data (FMD) bus 94, flow bus 102 and a
back tlow data (BFD) bus 124 are coupled to an input of tlow
unit 72 through a switch 104. FMD bus 94, flow bus 102 and 40
BFD bus 124 are coupled to an output of flow unit 72 through
a switch 106. In a normal mode of operation, switch 104
connects the mput of flow unit 72 via tlow bus 102 to the flow
unit 1n the previous compute engine and flow data 1s recerved
from the previous compute engine on flow bus 102. In the 45
normal mode, switch 106 connects the output of flow unit 72
via tlow bus 102 to the flow unit 1n the next compute engine,
and flow data 1s supplied to the next compute engine on flow
bus 102. When grouping of compute engines 1s utilized, as
described below, switch 106 connects tlow output 102 to BFD 50
bus 124 in the last compute engine of a group, so that tlow data
1s maintained within a group of compute engines. In the case
of a tlow load operation, FMD bus 94 1s connected by switch
104 to the 1input of flow unit 72 1n a selected compute engine,
thereby connecting memory to flow unit 72. In the case of a 55
flow store operation, the output of flow unit 72 1n a selected
compute engine 1s connected by switch 106 to FMD bus 94.
When the compute array 32 1s used 1n a recirculate mode, flow
data output from the last compute engine 57 i1s coupled on
flow bus 102 to the flow data input of first compute engine 50, 60
as shown 1n FIG. 10.

A schematic block diagram of a second embodiment of
compute array 32 1s shown 1n FIG. 4. Like elements in FIGS.

2 and 4 have the same reference numerals. The embodiment
of FIG. 4 includes compute engines 50, 51,52, ..., 357 . Inthe 65
embodiment of FIG. 4, each compute engine does not include
an individual X-memory and a Y-memory. Instead, compute
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array 32 includes a single X-memory 84 and a single
Y-memory 86, which are accessed by each of the compute
engines. Each memory 84, 86 may be a DRAM and may have
a row width that 1s sufficient for parallel load/store operations
with each of the compute engines. For example, memories 84
and 86 may be 1024-bits wide 1n order to load/store four
32-bitwords in parallel for each of the e1ght compute engines.
The use of a large DRAM may be more space-ellicient than
cight smaller SRAMs. Instead of mmplementing eight
memory sections, a single DRAM can be utilized by inter-
posing staging builers between the DRAM and the compute
engines so as to provide the data 1n a row, sequentially, to each
section of the compute array. Memory accesses pass through
a staging buffer 88 which functions similar to a delay line. A
load delay line 1n staging butier 88 has a delay that increases
with section number. That 1s, section 0 has no delay, section 1
has 1-cycle delay, etc. and section 7 has 7-cycles delay. For a
store delay line 1n the staging bulifer 88, the delay 1s reversed.
That 1s, section 0 has 7-cycles delay, section 1 has 6-cycles
delay, etc. and section 7 has no delay. The staging buffer 88
can be built with dynamic logic, since it 1s cleared 1n 8-clock
cycles.

Compute array 32 may have different memory configura-
tions within the scope of the mvention. FIG. 2 illustrates an
embodiment wherein each compute engine includes
X-memory 78 and Y-memory 80, and FIG. 4 illustrates an
embodiment wherein compute array 32 includes single
X-memory 84 and single Y-memory 86. In other embodi-
ments, each compute engine may include a single memory or
more than two memories. In further embodiments, a single
memory may serve the entire compute array. In additional
embodiments, the compute array may include one memory,
typically a larger memory, that serves the entire compute
array and individual section memories, typically smaller
memories, that are associated with respective compute
engines. In general, one or more memories may be configured
to serve 1, 2, 4 or 8 compute engines 1n those embodiments
having eight compute engines.

Compute array 32 may include a row cache 130 (FIG. 4)
which allows a data row of 1024 bits to be cached 1n a single
cycle for tlow accesses. This frees up the memory on subse-
quent tlow accesses to that row. Because of the row cache, the
programmer does not need to access quad words 1n order to
minimize memory accesses. This often simplifies and reduces
the size of the program. It also reduces power dissipation and
allows better DMA access to memory. The row cache 130
preferably includes a load row cache (LRC) and a store row
cache (SRC). Preferably, the row caches support only flow
access, and not SIMD access. The row cache may be used 1n

the embodiments of FIGS. 2 and 2A. Compute array 32 may
include one or more load row caches and one or more store
row caches.

The load row cache holds a currently accessed entire row of
memory. It 1s automatically loaded the first time a flow load
instruction 1s executed. Its function 1s to act like a cache to
reduce the number of subsequent flow accesses to memory. It
also provides an unpack function, particularly for short
words. The controller does not access memory for flow again
until the row address changes. For example, this builer can
hold 64 short words and save 63 accesses to memory.

The store row cache packs mcoming flow results until
filled. When filled, the store row cache 1nitiates a store to
memory. It acts like a cache to reduce multiple 1individual
accesses to memory. It also provides a pack function, particu-
larly for short words. The controller does not store the store
row cache to memory until the row address changes or until
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the row cache 1s full. For example, this buifer can hold 64
short word results and save 63 accesses to memory.

The control block 30 1ssues load/store and compute
instructions for compute array 32. Instructions enter the com-
pute array from the leit and flow from one section to the next
on every clock cycle until they exit the array, eight clock
cycles later. Data entering the array flows in the same way
through the array, as specified by an mstruction. In a similar
way, the results of computations flow across the compute
engines as specified by an instruction, and when flow 1s com-
pleted, the results can be stored 1n memory. Data and results
may recirculate through the compute array 32 i1 more than
eight compute engines are needed for an application. Con-
versely, the eight compute engines may be configured into
groups for applications that require fewer compute engines.
Groups are implemented by a switch in each compute engine.
The memory 1n each compute engine 1s a common resource
for all the compute engines when using flow 1nstructions but
1s a local resource for SIMD (single istruction, multiple
data) instructions.

Instructions, data and results flow across the array horizon-
tally from section to section, on each clock cycle. This tlow
creates the programming 1llusion that there 1s one processor
and one memory, whether processing horizontally across the
array, vertically in SIMD fashion, or in a combination of both,
hence SIMD-FLOW. The ability to perform SIMD and flow
operations at the same time adds significantly to the versatil-
ity of the architecture. The versatility of the flow architecture
1s enhanced by the ability to group the sections during flow
operations to allow tasks that require a smaller number of
operations to be optimally managed. With SIMD operations,
there can be a considerable difference in what each section
does. This 1s because most mstructions can be conditional or
can be modified by the unique ID of each section.

In embodiments which include an individual memory in
cach section of the compute array, each section can perform
an mdependent table lookup. Table lookup from memory can
be performed in each section by adding an address offset
register 1n each section to a common address broadcast to all
sections by the address generator 1n the control block 30. Thas
allows each section to perform 1n an individual table lookup.
The table 1s duplicated 1n each section to allow this simulta-
neous lookup. The memory access istruction has a bit that
specifies whether the address oflset register 1s invoked.

Different addressing schemes may be utilized for SIMD
operations (non-flow operations within a single compute
engine) and flow operations (operations across compute
engines). The addressing scheme 1s selected based on the
instruction type.

For flow memory accesses, the memory appears as a single,
very wide word memory, with each row having 1024 bits or
32 words of 32 bits each 1n the embodiment which includes 8
sections, each having a memory row of four 32-bit words. To
accomplish this, each memory section responds only to 1ts
column address. The flow address applies to only one
memory section. The selected section places its data on the
FMD bus 94. When using groups, the flow address 1s common
to each group. Thus, for two groups of four sections each, the
row size 1s 16 words but there are two sets of this row address.
A flow addressing scheme 1n accordance with an embodiment
of the invention 1s 1llustrated in FIG. 5. As shown 1n FIG. 5,
the flow address increases linearly across all sections.

For SIMD memory accesses, the X-memory and the
Y-memory each appear as eight parallel memory banks. Each
memory section receives an 1dentical address and operates
identically. Thus data 1s stored as eight data sets. The address
and control for the memory sections tlows from left to right on
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cach clock cycle on the instruction tlow bus 120, so that
successive sections respond on successive cycles. The SIMD
memory may be summarized as including eight i1dentical
memories, each section having a common address. The
address 1s broadcast to all sections, and each section has four
32-bit words per row. The address space 1s that of one section.
Thus, a load struction loads one or more registers in each
section from the same address in each memory section. How-
ever, each section responds one cycle after the previous sec-
tion since the instruction flows across the array. A SIMD
memory addressing scheme 1n accordance with an embodi-
ment of the invention 1s 1llustrated in FIG. 6. As shown in FIG.
6. the SIMD address increases within each section.

While FIGS. 5 and 6 illustrate different addressing
schemes for flow operation and SIMD operation, 1t should be
understood that different addressing schemes are not
required. More particularly, a linear address space may be
utilized for both flow operations and SIME operations. In that
case, the SIMD memory access uses a larger address incre-
ment to access the next memory row.

A SIMD memory addressing scheme in accordance with
another embodiment of the invention 1s illustrated 1n FIG. 6 A.
This addressing scheme allows the same memory address
space to be used for both flow operations and SIMD opera-
tions. For SIMD memory accesses, the address generator
increments the SIMD addresses on a modulo 32 basis at each
quad boundary, 1.e., the carry from address bit al carries to
address bit a5. This 1s because the compute array itself implic-
itly increments the bits a4:2. Thus, the address space can
remain 1dentical and linear for SIMD and flow operations.
The address generator modifies the address such that the carry
from bit al 1s connected to bit a5 to adjust for the fact that the
intervening bits are incremented implicitly 1n the array. Thus,
an increment by one would cause the address to go from 0, 1,

2,3,32,33,34,35, 64, 63, 66, etc. The intervening addresses

are 1mplicitly used in the array for SIMD accesses. The
X-memory and Y-memory each appear as eight parallel
memory banks. Each memory section receives an i1dentical
address and operates 1dentically. Thus, data is stored as eight
data sets. The address and control for the memory sections

flows from lett to nght on each clock cycle (on the instruction
flow bus) so that successive sections respond on successive
cycles.

A schematic block diagram of flow unit 72 1n accordance
with an embodiment of the invention 1s shown 1n FIG. 7. A
quad D register 100 (D3:0) recerves inputs on flow bus 102
and provides outputs on flow bus 102. The D register 100
interacts with selected registers 1n register file 76. Flow unit
72 may further include a quad adder 110 and a quad A register
112 (A3:0). Adder 110 receives mputs on tlow bus 102, and
inputs from selected registers in register file 76. The results
are placed i A register 112, and A register 112 provides
outputs on flow bus 102. Flow unit 72 may further include a
quad D' register 114 (D'3:0) which recetves mputs on BFD
bus 124 and provides outputs on BFD bus 124. Flow unit 72
may include other tunctions 116, such as transfer, compare,
exclusive OR, for example, and a configurable gate array
(CGA) 117 to provide flexibility.

Flow operations are of two basic types: (1) a flow load
operation from memory with an operation such as a shait
across all sections, and (2) a flow store operation to memory,
with an operation such as accumulate across all sections.
Flow memory accesses are similar to SIMD memory
accesses, except that they access memory by row rather than
by column.
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The following mstructions support flow operations:

OP Rm == [Im]; // Flow Load Instruction
[Jm] OP = = Rm; // Flow Store Instruction

The flow load istruction loads the Rm register from a
memory location Jm and performs an operation OP across all
sections, typically a delay line shift or a broadcast. The tlow
store mstruction performs an operation OP, typically an accu-
mulation, on register Rm across all sections and stores the
results to a memory location Jm. The “==" sign indicates a
flow 1nstruction. The OP operation indicates several types of
operations that can be performed during flow operations, for
example, accumulate, shiit, transter, broadcast, and exclusive
or. Flow operations are performed 1n the flow unit 72, which
has access to the register file 76 in a manner similar to a
memory access and may be thought of as an alternate memory
access.

The flow load operation, or DFLOW operation, 1s
described with reference to FIGS. 8 A and 8B. In connection
with a flow load operation, tlow unit 72 in each of the compute
engines utilizes quad D register 100 (D3:0), which defines a
flow load path. In first compute engine 50, the tlow load
operation involves a load from memory on FMD bus 94. In
cach of the other compute engines 51, 52, . . ., 57, the flow
load operation 1nvolves a tlow between sections on flow bus
102, the details depending on the specified operation OP and
the specified register or registers.

Consider an example of a flow shift operation given by SH
R6==[J3+=1], which implements a delay of three cycles 1n
cach section. The tlow load operation begins 1n successive
sections of compute array 32 on successive clock cycles. This
instruction mvolves the following operations 1n each of the
compute engines. First, registers R6:4 are read from register
file 76 into locations D2:0 in quad D register 100. Next,
register DO 1s shifted out on tlow bus 102. Then, registers
D2:1 are shifted to registers D1:0, and the incoming flow 1s
shifted to register D2. In the first section (compute engine 50),
the incoming flow 1s from memory on FMD bus 94. In the
other sections, the incoming tlow 1s from the previous section
on flow bus 102. Finally, registers D2:0 are written 1nto reg-
isters R6:4 1n register file 76.

In the tlow load operation, the shift register length 1s deter-
mined by the entry point of the DFLOW instruction. In the
flow load struction, the register number 1s specified modulo
4. Thus, SH R2 and SH R14 both define a shiit register having
a length of three words. Further, the instruction can specity
one to four words. The same number of registers are shifted
out as are shifted in. The register options for the tflow load
operation are R0; R1; R1:0; R2; R2:1; R2:0; R3; R3:2; R3:1;
and R3:0. Higher number registers are specified using
modulo 4 notation.

A broadcast mstruction of the type B R15:12—[mem]
broadcasts the memory contents into registers R15:12 1n each
section of the compute array.

The flow store operation, or AFLOW operation, 1s
described with reference to FIGS. 9A and 9B. In connection
with a flow store operation, flow unit 72 utilizes adder 110 and
quad A register 112 (A3:0), which define a tlow store path.
The flow unit 72 operates on data as it flows between sections
of the compute array. The primary AFLOW operation 1s accu-
mulation, but other operations such as exclusive or, compare,
max/min, transier, logical and shift may be utilized. The tlow
may be from any register in register file 76. The A register 112
holds accumulation results between sections. The output of
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the last section (compute engine 57) 1s stored in memory on
FMD bus 94. The flow path can sum the Rn registers from
cach section of the compute array, so that the AFLOW output
1s the sum of all the Rn registers 1in the compute array. When
AFLOW data enters a section, 1t 1s added to the local Rn
registers and 1s output to the next section which receives the
data 1n the following cycle. This repeats for all sections. The
result appears at the last section after eight clock cycles. For
example, the instruction [adrl |[+==R0; sums register R0 {from
cach of the eight sections of the compute array and stores the
result at address adrl 1n memory. The AFLOW operation
initializes to zero the flow put to the first section of the
compute array.

Consider an example of a flow accumulate instruction
given by [I13+=1]==+RS:4, as 1llustrated 1n FIG. 9A. The flow
store operations begin in successive sections of compute
array 32 on successive clock cycles. First, registers R5:4 are
read from register file 76 and are summed with the incoming
flow. The result 1s placed temporarily in A register 112. The
sum out from A register 112 represents the flow mput plus
registers R5:4.

The flow unit 72 1s described above as interacting with
selected registers 1n register file 76. For example, the contents
of Dregister 100 can be written to selected registers in register
file 76, and vice versa. In addition, the contents of selected
registers in register file 76 can be added to the tlow data. In
other embodiments, flow unmit 72 does not interact with reg-
ister file 76. Instead, compute block 74 may read from and
write to registers 1n flow unit 72.

Datapath buses between compute engines 30-57 of com-
pute array 32 are described with reference to FIG. 10. Instruc-
tion bus 120 1s connected between instruction pipes 70 of
successive compute engines. Instructions enter and flow
through the compute array on the instruction bus 120. Instruc-
tions enter the first section (compute engine 50) and are
clocked into each successive section on each clock cycle. This
bus supplies the addresses for two or three memory accesses
and the controls for two compute operations. Much of the
control logic for the compute array may be located 1n control
block 30 so as to avoid duplication in each section. The three
memory accesses i each cycle can be to X-memory 78 or 84,
Y-memory 80 or 86 and DMA buitler 82. DMA buses 22 and
24 supply the compute array with DMA data, which may be
driven by one of several input sources or sent to several output
destinations. The DMA data 1s placed 1n the two quad word
DMA butlfer 82 1n each section. The DMA bus can be used by
the main processor 12 to access the compute array memory
directly. DMA buses 22 and 24 can be used as two 128 buses
or a single 256-bit bus. DMA buses 22 and 24 are coupled
through a butter 122.

The flow bus 102 allows data to transfer, broadcast or shift
from section to section and to recirculate 11 more than eight
sections are required. Typically, the tlow data to be shared or
to be shifted across the compute array enters the array in the
first section and 1s shifted across all the sections. The tlow bus
102 1s also used to accumulate or otherwise operate on com-
putation results by flowing the results from left to right in each
section. Flow for the shift function and the accumulate or
broadcast function are often needed together but not neces-
sarily 1n the same cycle. Because flow operations can be
arranged so they are not needed on every cycle, tlow bus 102
can be used for both DFLOW and AFLOW operations 1f used
in different cycles. In other embodiments, compute array 32
may 1nclude two or more tlow buses, and DFLOW and
AFLOW operations can execute simultaneously.

The FMD bus 94 1s used to load data when grouping has not
been selected. The FMD bus 94 1s also used to store flow data
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to memory. The last compute engine 1n the group provides the
data and the address tag for the store location. For loads, only
the first section provides the address, and one of the sections
1-7 responds by driving 1ts data to section 0. For stores with-
out grouping, the last section provides the data and the

address. FMD bus 94 1s coupled to control block 30 through
butifer 122.

The BFD bus 124 1s used when groups of two or four
compute engines are selected. The BFD bus 124 1s switched
to support grouping of sections. The BFD bus 124 allows flow
data to return to the start of the group and 1s also used for flow
memory access within the group. For groups of two or four
compute engmes the BFD bus 124 1s used for recirculation,
for data shuille and for flow memory access.

The DFLOW path permits pre-addition of taps for sym-
metric filters to double performance. Symmetric filters have
coellicients that are symmetric about a center point of the
filter. Data values corresponding to equal coelficients can be
pre-added prior to multiplication by the coelficients, thereby
reducing the required number of multiplications. The taps
needed for pre-addition can be made available by tlowing the
BEFD bus 124 through the D'3:0 registers as shown in FIG. 11.
When using 16 bit data, the data 1s accessed as two pairs of
long words. Registers D'1:0 and D 1:0 are added 1n the ALU
and then multiplied by four short coetficients with sideways
sum. The number of taps per section can be two, four, or eight
for 32-bit data. For 16-bit data, the most efficient use 1s with
eight or sixteen taps per section. To implement the back
flowing shift register, 16 or 32 bits of the BFD bus 124 are
redirected to pass through the D'3:0 registers. This shifts in
the opposite direction to the DFLOW path.

A memory address bus 118 (FI1G. 4) provides flow memory
addresses when loading or storing from X-memory 78 or 84,
or Y-memory 80 or 86. The address 1s available to all sections
in the group in the same cycle, but only the section in the
group with the corresponding address responds.

One of the compute engines 1s shown 1n greater detail in
FIG. 12. Register file 76 may be a multi-port register file
having between 32 and 64 registers. The register file 76 sup-
ports multiplier 90, AL U 92, flow unit 72, MAC adder 96, and
memory banks 78 or 84 and 80 or 86, and may have ten ports
to support these units. The multiplier 90 and the flow unit 72
perform a read-modify-write in each cycle. The register file
76 may also have a shadow copy which can be used for a
single cycle context switch to support interrupts when stream-
ing data.

The multiplier 90 may be a 32x32 fixed point multiplier,
with built-in correlation capabilities and selectable data pre-
cision. The multiplier can perform quad 16-bit multiplies
with both real and complex data types. Complex 16-bit data
includes 8-bit real and 8-bit imaginary data. An additional
cycle of latency 1s required for 32x32 multiplies. The MAC
adder 96 and the multiplier 90 are semi-independent units.
The path from the multiplier to the MAC adder may contain
partial sums which can be resolved 1n the MAC adder.

The versatility of the flow architecture 1s enhanced by the
ability to group sections during flow operations. This allows
tasks that require a smaller number of operations to be opti-
mally managed. Examples include 4-tap FIRs and 4x4 matrix
operations. The grouping uses the special organization on the
BFD bus 124 to select different memory sections for this
purpose. The group operation 1s specified by the tlow 1mnstruc-
tions on a cycle-by-cycle basis. Grouping allows tlow opera-
tions to occur within subsets of the eight sections. As shown
in FIG. 8, the first four sections (0-3) can be combined 1nto a
first group 140 and the last four sections (4-7) can be com-
bined mto a second group 142, for example. Each group
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recirculates 1ts data within the group and each group may
operate on different data. The compute array can be subdi-
vided mto four groups of two or two groups of four. Grouping
can also be used to provide odd numbers of sections working
together, e.g. three or seven sections. The unused sections
apply automatic zero padding. The group control can apply
two types of actions: (a) common data to all groups, or (b)
independent groups where group memory data 1s used within
the group.

Groups are configured using the switches 104 and 106
(FIG. 3) 1n appropriate compute engines. An example of
compute array 32 configured as groups 140 and 142, each
having four compute engines and each having recirculation of
flow data, 1s shown schematically in FIG. 13. A switch 150
between sections 3 and 4 connects the flow bus 102 output of
section 3 to the BFD bus 124 1n section 3 and connects the
flow bus 102 input of section 4 to the BFD bus 124 1n section
4. Also, a switch 152 1n section 0 connects the flow bus 102
iput of section 0 to the BFD bus 124 in section 0. This
permits separate tlow operations within groups 140 and 142,

When more than eight sections are required for an appli-
cation, the compute array allows the tlow operation to recir-
culate, creating the effect of a very long flow array. The
number of recirculations 1s practically unlimited, but
throughput remains limited by the number of compute
engines, 1.€. the compute engines are time-shared. Recircula-
tion feeds the DFLOW and AFLOW operations from the last
section back to the first section or from the end of a group to
the start of a group. At the end of the recirculation sequence,
the accumulated result 1s written to memory.

Shuille 1s an operation wherein memory data 1s inter-
changed between sections of the compute array. Data can be
shuifled, or interchanged, in groups of two, four or eight. This
operation 1s usetul for the fast Fourier transform where the
first three stages interchange data between sections when the
data 1s stored sequentially in memory in rows. The shuiile
operation uses the load row cache and the store row cache as
a bufler. Initially, data 1s transferred from selected memory
locations 1n each section to the load row cache. Then, the load
row cache of each section 1s moved, 1n a shutlle operation, to
the store row cache of the next section using the tflow and BFD
buses. This operation 1s repeated for the desired shuitle shiit.
Then, the store row cache 1s stored to the specified memory
locations 1n all sections. A quad word 1s transferred each time
the shuftle operation 1s executed. I the shuffle 1s between
nearest nelghbors the shuille operation 1s executed once. If
the shuille 1s between sections four spaces apart, then the
shuifle operation 1s repeated twice. If the shuille 1s between
sections e1ght spaces apart, the shuille operation is repeated
four times.

FIG. 14 shows the elements of the control block 30 and
their interactions with the compute array 32 and the system
buses. The control block 30 includes program memory 44,
program sequencer 42, integer AL Us JALU 38 and KAL U 40,
an interrupt controller and interrupt stack 48, DM A controller
36 and control logic 34. In addition, data memory 46 1s used
for storing parameters and for saving and restoring during
context switch. Data memory 46 may include two small
memory banks of 1K words, for example. Control block 30
may further include a decode unit 60 and a digital oscillator
62. Two local buses 1n control block 30 allow ALUs 38 and 40
to save and restore to the banks of data memory 46. The
save/restore can operate simultaneously 1n the compute array
32 and the control block 30, doubling the performance com-
pared to the main processor.

The control block 30 1ssues instructions (load/store and
compute) to compute array 32. Instructions enter the compute
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array 32 at compute engine 50 and pass 1into each compute
engine sequentially on successive clock cycles until they exit
the array eight clock cycles later. The flow data specified in
the instruction enters the array and tlows through the compute
array in the same way.

The DMA bus 22 connects only to the compute array 32
and 1s used primarily to transier I/O data to the memory of
compute array 32. DMA bus 22 can also be used to transier
data from the main memory 14. The DMA bus 24 can connect
either to the compute array 32 or to the control block 30 and
allows direct read/write between the processor 20 and main
memory 14, in either direction. The transiers can be via DMA
or program control. The control processor 12 (FIG. 1) can
access the processor 20 via the DMA bus 24 to read or write
certain registers, write an interrupt vector or check on status,
download program memory, or download or upload data
memory 1n either the control block 30 or 1n the compute array

32.

The program memory 44 1s relatively small compared to
the program memory available in the control processor 12.
The memory may be 4K words of 32 bits and may be imple-
mented as a cache. The program memory may be 256-bits
wide to allow up to eight instructions to be 1ssued per cycle,
including two structions for the IALUs, one 1nstruction for
the program sequencer and two 1nstructions for the compute
array computations plus one extra instruction for immediate
data. The data memory 46 1s used primarily to hold additional
parameters for the IALUs and for save/restore on context
switches. The program sequencer 42 1s a simplified version of
the program sequencer used 1n the main processor 12 and
fetches up to eight instructions per cycle. The program
sequencer includes a program counter, branch hardware, a

branch target buffer, an interrupt vector table, etc. The JALU
38 and the KALU 40 are integer ALUs having an address

space of 32 bits. Each of JALU38 and KALU40 can access
either compute array memory bank. Interrupt stack 48 allows
multiple mterrupts to be serviced sequentially according to
their priority.

The processor 20 may support data streaming from DMA
or directly from I/O ports via a FIFO to the flow path. The
streaming data passes through compute array 32 and 1s pro-
cessed without being loaded from memory. Data streaming
may be supported by a fast context switch. In data streaming,
I/0 data 1s not written to memory but i1s placed 1n the DMA
butiler 82 to be processed directly by the compute engines.

DMA mterleaving may be utilized as shown in FIG. 15.
DMA bullers 82 for each section are 1llustrated in FI1G. 15. In
order to 1nterleave by four, as shown in the first row of FIG.
15, two quad words are loaded into location DMAB (0) of
cach buffer. Then two quad words are loaded 1nto location
DMARB (1) of each DMA butfer; two quad words are loaded
into location DMAB (2) of each DMA bufler; and two quad
words are loaded into location DMAB (3) of each DMA
butfer. In order to 1nterleave by two, as shown 1n the second
row of FIG. 15, four quad words are loaded into locations

DMAB (2,0) of each DMA butfer and then four quad words
are loaded 1nto locations DMAB (3,1) of each DMA buftfer. In
order to 1nterleave by pairs, as illustrated in the third row of
FIG. 15, four quad words are loaded 1nto locations DMAB
(1,0) of each DMA buffer and then four quad words are
loaded 1nto locations DMAB (3,2) of each DMA bultler. For
DMA ftransiers with no interleave, quad words are loaded
sequentially by section. In order to perform a SIMD load, one
section of the DMA bulter 1s loaded at a time. In addition,
group loading can be performed by loading groups of DMA

butters.
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The SIMD-FLOW architecture of compute array 32 1s
well-suited to operating on data sets either by column or by
row or by a combination of row and column. The following
examples illustrate such operations.

FIG. 16 shows a column-by-column dot product where
cach section of the compute array operates SIMD-style on a
single channel (eight channels DA through DH). No data 1s
shared between sections of the compute array. This works
well if the arriving data sets are arranged 1n columns and there
1s no data to be shared. Thus 1n section 0, coetlicient CAO 1s
multiplied by data DAO, coefficient CA1 1s multiplied by data
DA1, etc., and the results are accumulated to provide a chan-
nel A sum. Similar operations are performed 1n the other
sections.

Row-by-column processing 1s 1llustrated 1n FIG. 17. The
coellicients CA0-CA7 are arranged horizontally by row 1n
memory while the data DA0O-DAn 1s arranged vertically by
column in memory. Each coellicient 1s flowed (broadcast)
across the entire array using the DFLOW path. The coetli-
cients flow through each section, along with the correspond-
ing 1nstruction, so that each section appears to be performing
the same operation but time-delayed. This 1s an example of a
SIMD multiply accumulate operation with shared coelli-
cients. For beam-forming, this allows one set of coefficients
to be shared by all time samples of each antenna (horizontal)
while the summation 1s done across all the antennas (verti-
cally). If the data and coelficients are interchanged, a
polyphase FIR filter can be implemented, with each section
implementing a different phase of the filter from the same
data. Matrix multiply can be done with the method of F1G. 17.
The row of one matrix C 1s broadcast and multiplied with
cight columns of the second matrix D. The eight results are 1n
the MAC of each section.

Row-by-row processing 1s illustrated in FIG. 18. The
example of FIG. 18 shows a row-by-row dot product as 1n a
vector-by-vector multiplication. In row-by-row operations,
neither data nor coellicients are flowed, but the multiplier
result from each section 1s accumulated 1n the AFLOW path.
Each section sums its product with the arrving sum and
passes the result on to the next section.

Row-by-row processing with shitt 1s 1llustrated in F1G. 19.
The example of FIG. 19 shows how an FIR filter can be
implemented with a row-by-row operation. The row of data 1s
stored 1in a shift register (DFLOW path) to implement a tapped
delay line. The data 1s maintained in memory, then loaded into
the flow path, shifted and optionally returned to memory. To
save power and memory bandwidth, the load and store opera-
tions can be performed after multiple shifts. When operating
on a small number of channels, the DFLOW data can be kept
in the register file and this data 1s not copied to memory.

Row-by-row processing with shiit and broadcast 1s 1llus-
trated 1n the example of FIG. 20. FIG. 20 shows a variant of an
FIR filter implementation where the data 1s shifted as usual 1n
the delay line, but the coefficients are flow broadcast to all
sections. The accumulation 1s done 1n place 1n an accumula-
tion register MRO 1n each section and these are stored using
a SIMD 1instruction.

Processor 20 1s shown in FIG. 1 and described above as
operating with a control processor. However, processor 20 1s
not limited in this respect. The architecture of processor 20
permits operation as a stand-alone processor configured for
computation-intensive applications.

As described above, processor 20 can perform flow opera-
tions that tlow from compute engine to compute engine on
successive cycles, can perform SIMD operations within 1ndi-
vidual compute engines and can perform a combination of
flow operations and SIMD operations. Flow operations are
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driven by tflow instructions, and SIMD operations are driven
by SIMD mstructions. Memory may be accessed according to
the type of operation being performed. In the compute array,
multiple compute engines receive the same instructions but
delayed in time. Processor 20 1includes a common sequencer
and address generators for multiple compute engines.

The processor architecture described herein achieves low
power dissipation. The design 1s compact and uses short bus
lengths and small drivers. The power consumption in the
control block 1s amortized over multiple compute engines.
Small memories are utilized, and reduced data movement 1s
required for many applications. The register file may have a
capacity of 256 words, so that fewer memory accesses are
required. The design may be optimized for deep pipelines and
low voltage rather than for fast devices.

Having thus described several aspects of at least one
embodiment of this mvention, it 1s to be appreciated various
alterations, modifications, and improvements will readily
occur to those skilled 1n the art. Such alterations, modifica-
tions, and improvements are mtended to be part of this dis-
closure, and are intended to be within the spirit and scope of
the mvention. Accordingly, the foregoing description and
drawings are by way of example only.

What 1s claimed 1s:

1. A digital signal processor comprising;:

a control block configured to 1ssue flow mstructions and
flow data based on a stored program; and

a compute array including plurality of serially connected
compute engines configured such that (1) each of the
issued tlow 1nstructions executes 1n a first compute
engine and tlows, 1n a single direction, to be executed 1n
cach successive compute engine of the plurality of seri-
ally connected compute engines at successive times, and
(11) the flow data recirculates from a last compute engine
in the plurality of serially connected compute engines

directly back to the first compute engine.

2. A dagital signal processor as defined 1n claim 1, wherein
cach of said compute engines comprises an instruction pipe
configured to control flow of the flow instructions through the
compute array.

3. A dagital signal processor as defined 1n claim 2, wherein
cach of said compute engines further comprises at least one
flow unit configured to perform flow operations on data asso-
ciated with the 1ssued tlow nstructions.

4. A digital signal processor as defined in claim 3, wherein
cach of said compute engines further comprises one or more
compute units for performing digital signal computations and
a register {ile for holding operands for the digital signal com-
putations.

5. A digital signal processor as defined in claim 4, wherein
cach of said compute engines further comprises at least one
memory.

6. A digital signal processor as defined in claim 1, wherein
the compute array further comprises at least one memory
configured for operation with each of said compute engines.

7. A digital signal processor as defined in claim 6, wherein
the compute array further comprises a staging bufier coupled
between the memory and the compute engines, said staging,
builer having sections with delays which correspond to posi-
tions of corresponding compute engines 1n the compute array.

8. A digital signal processor as defined in claim 6, wherein
the compute engines 1n said compute array are configured to
perform column-by-column operations on contents of the
memory.
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9. A digital signal processor as defined 1n claim 6, wherein
the compute engines 1n said compute array are configured to
perform row-by-column operations on contents of the
memory.

10. A digital signal processor as defined 1n claim 6, wherein
the compute engines 1n said compute array are configured to
perform row-by-row operations on contents of the memory.

11. A diagital signal processor as defined 1n claim 6, wherein
cach of said compute engines further comprises a DMA
butler associated with said memory and configured to transier
data to and from said memory.

12. A digital signal processor as defined 1n claim 1, wherein
cach of said compute engines has a pipeline architecture.

13. A digital signal processor as defined in claim 1, wherein
cach of the flow instructions flows through the successive
compute engines on successive clock cycles.

14. A digital signal processor as defined in claim 1 ,
wherein the compute array includes one or more switches
configured to form the compute engines into groups.

15. A digital signal processor as defined 1n claim 1, wherein
the compute array includes eight compute engines 1n a serial
configuration.

16. A digital signal processor as defined 1n claim 6, wherein
the compute array includes at least one load-row cache for
holding data from a memory row for load operations.

17. A digital signal processor as defined in claim 6, wherein
the compute array includes at least one store-row cache for
holding data for store operations 1n a memory row.

18. A digital signal processor as defined in claim 6, wherein
the compute array includes one or more buses configured to
transier istructions and data between compute engines.

19. A digital signal processor as defined in claim 18,
wherein each of the compute engines 1includes one or more
buses configured to transier information to and from the
memory.

20. A digital signal processor as defined 1n claim 4, wherein
said flow unit 1s configured to load data from memory and to
shift data between one or more selected registers 1n succes-
s1ve compute engines.

21. A digital signal processor as defined 1n claim 4, wherein
said flow unit 1s configured to load data from memory and to
broadcast data to one or more selected registers in each of the
compute engines.

22. A digital signal processor as defined 1n claim 4, wherein

said flow unit 1s configured to accumulate data from one or
more selected registers in successive compute engines and to
store a result.

23. A digital signal processor as defined 1n claim 6, wherein
the compute array 1s configured to access a wide memory
word for flow operations and 1s configured to access a section
of memory associated with each compute engine for opera-
tions within compute engines.

24. A digital signal processor as defined in claim 11,
wherein the DMA bultlers are configured for iterleaving of
data according to a specified interleaving parameter.

25. A digital signal processor as defined 1n claim 1, wherein
the compute array 1s configured to perform operations within
individual compute engines in response to mnstructions of a
first type and 1s configured to perform flow operations across
compute engines 1n response to the flow structions.

26. A digital signal processor as defined 1n claim 5, wherein
cach of said compute engines 1s configured to perform an
independent table lookup 1n its memory.

277. A digital signal processor as defined 1n claim 1, wherein
the compute array comprises at least four compute engines.
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28. A method for digital signal processing comprising:

providing a digital signal processor comprising a control
block and a compute array including a plurality of seri-
ally connected compute engines;

1ssuing flow instructions and tlow data in the control block
based on a stored program;

executing each of the 1ssued flow instructions 1n a first
compute engine;

circulating each of the 1ssued flow directions 1n a single
direction to, and executing each of the 1ssued flow direc-
tions 1n, each successive compute engine of the plurality
of sernially connected compute engines at successive
times; and

recirculating the flow data from a last compute engine 1n
the plurality of serially connected compute engines
directly back to the first compute engine.

29. A method as defined in claim 28, wherein executing
cach of the 1ssued tlow 1nstructions comprises executing a
flow load operation which loads a register from a memory
location and performs an operation across compute engines.

30. A method as defined 1n claim 28, wherein executing,
cach of the 1ssued flow 1nstructions comprises executing a
flow store instruction which performs an operation across
compute engines and stores a result into a memory location.

31. A method as defined in claim 28, wherein executing
cach of the 1ssued tlow 1nstructions comprises forming groups
of compute engines for individual control.

32. A method as defined in claim 28, wherein executing
cach of the 1ssued tlow 1nstructions comprises supplying data
to the compute engines by data streaming without memory
access.

33. A method as defined 1n claim 28, wherein the compute
array comprises at least four compute engines.

34. A digital signal processor comprising;

a control processor;

a processor comprising a control block configured to 1ssue
flow structions and flow data based on a stored pro-
gram, and a compute array including a plurality of seri-
ally connected compute engines configured such that (1)
cach of the 1ssued flow instructions executes 1n a first
compute engine and flows, 1n a single direction, to be
executed 1n each successive compute engine of the plu-
rality of sernially connected compute engines at succes-
stve times, and (11) the flow data recirculates from a last
compute engine 1n the plurality of serially connected
compute engines directly back to the first compute
engine; and

a main memory that can be accessed by the control proces-
sor and by the processor.

35. A digital signal processor as defined 1in claim 34,
wherein each of said compute engines comprises an 1nstruc-
tion pipe configured to control flow of the flow 1nstructions
through the compute array.
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36. A digital signal processor as defined in claim 35,
wherein each of said compute engines further comprises a
flow unmit configured to perform flow operations on data asso-
ciated with the 1ssued flow 1nstructions.

37. A digital signal processor as defined in claim 36,
wherein each of said compute engines further comprises one
or more compute units for performing digital signal compu-
tations and a register file for holding operands for the digital
signal computations.

38. A digital signal processor as defined i claim 37,
wherein each of said compute engines further comprises at
least one compute array memory configured for operation
with said register file.

39. A digital signal processor as defined in claim 36,
wherein said compute array further comprises at least one
memory configured for operation with each of the compute
engines and wherein the compute array memory can be
accessed by the control processor.

40. A digital signal processor as defined in claim 39,
wherein said compute array further comprises a staging
builer coupled between the compute array memory and each
of said compute engines.

41. A digital signal processor as defined in claim 39,
wherein the compute engines in said compute array are con-
figured for performing column-by-column operations on
contents of the compute array memory.

42. A digital signal processor as defined in claim 39,
wherein the compute engines in said compute array are con-
figured for performing row-by-column operations on con-
tents of the compute array memory.

43. A digital signal processor as defined in claim 39,
wherein the compute engines in said compute array are con-
figured for performing row-by-row operations on contents of
the compute array memory.

44. A digital signal processor as defined in claim 34,
wherein the compute array includes one or more switches
configured to form the compute engines 1nto groups.

45. A digital signal processor as defined in claim 39,
wherein the compute array includes at least one load row
cache for holding data from a memory row for load opera-
tions.

46. A digital signal processor as defined in claim 39,
wherein the compute array includes at least one store row
cache for holding data for store operations in a memory row.

47. A digital signal processor as defined in claim 38,
wherein each of said compute engines 1s configured for inde-
pendent table lookup 1n its compute array memory.

48. A digital signal processor as defined in claim 34,
wherein the compute array comprises at least four compute
engines.
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